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Abstract  
 
Intermittently Closed/Open Lakes and Lagoons (ICOLLs) are a particularly dynamic form of 
estuary characterised by periodic entrance closure to the ocean. Closure occurs when a 
subaerial sand berm stabilises across the entrance channel during times of low fluvial 
discharge. ICOLLs are of global importance as they provide valuable ecological habitats for 
many species and are associated with a wide range of management issues due to their cycle of 
entrance closure and opening. ICOLLs are found to be more widespread globally than 
previously described with 1477 of these estuaries being identified in this study. This 
constitutes an estimated 3 % of the world’s estuaries and 15 % of all estuaries along 
microtidal coastlines. ICOLLs are concentrated along microtidal to low mesotidal coastlines 
in the mid-latitudes and predominantly on coasts with temperate climates. This distribution is 
related to greater wave heights as driven by high intensity winds and a longer fetch distance. 
The highest proportion of ICOLLs are present in Australia (21 % all global ICOLLs), South 
Africa (16 %) and Mexico (16 %). In Australia, a comparison with fluvial input found that it 
is less important than marine processes in determining ICOLL formation and that ICOLLs are 
associated with a relative tidal range of < 3.22. Additionally the majority of ICOLLS are 
small systems with catchments < 2000 km
2
 and tidal prisms < 30 x 10
6
 m
3
, forming at the 
mouths of rivers with generally low mean annual and specific discharges. 
 
Highlights  
 Intermittently Closed/Open Lakes and Lagoons (ICOLLs) are concentrated in the mid-
latitudes globally  
 They are found along coastlines with a micro- to low meso-tidal range and predominantly 
on coasts receiving storm waves and east and west coast swells  
 1477 of these systems were observed worldwide which constitutes approximately 3 % of 
the world’s estuaries 
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 ICOLLs are most common on microtidal coastlines and constitute 15.30 % of the world’s 
microtidal coast estuaries  
 In Australia, ICOLLs are found in wave-dominated regions (RTR < 3.22, RT/W < 31) with 
small tidal prisms (< 30 x 10
6
 m
3
) and catchments (< 2000 km
2
) 
 Coastal processes appear to dominate over river hydrology in both the opening and 
closing of estuary mouths. 
 
Keywords  
 
ICOLL, estuary, coastal lagoon, estuary distribution 
 
1.0 Introduction 
 
Estuaries are geomorphic systems which represent the transition between fluvial and marine 
environments (Boyd et al. 1992; Cooper, 2001; Roy et al. 2001). Their morphology is a direct 
function of the interaction between river outflow, waves and tides acting over a pre-existing 
catchment morphology (Dalrymple et al., 1992; van Niekerk et al., 2005). One key 
determinate of estuary morphodynamics is entrance condition. The larger the entrance 
channel, the greater the exchange of hydrodynamic energy and sediment (Bruun, 1986; Hume 
and Herdendorf, 1993). In microtidal settings, the connection between the sea and estuarine 
lagoon is not always free with the entrance closing regularly to completely separate the fluvial 
and marine environments. Such systems are commonly referred to by a range of terms 
including: Intermittently Closed/Open Lakes and Lagoons (ICOLLs) (Haines et al., 2006), 
Temporarily Open/Closed Estuaries (TOCEs) (Stretch and Parkinson, 2006), bar-built 
estuaries (Whitfield and Bate 2007; Tagliapietra et al., 2009), and seasonally open inlets 
(Neira and Potter, 1992; Ranasinghe et al., 1999; Ranasinghe and Pattiaratchi, 2003). We 
refer to these systems as Intermittently Closed/Open Lakes and Lagoons (ICOLLs), a term 
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which has been most widely applied internationally (Roy et al., 2001; Schallenberg et al., 
2010; Astel et al., 2016; Netto and Fonseca, 2017). 
 
ICOLLs are found in wave-dominated regions worldwide from Australiasia (Roy, 1984; 
Maher et al., 2011; Hart, 2009) to Africa (Rao et al., 1994; Whitfield and Bate, 2007; Bond et 
al., 2013), Europe (García-Pintado et al., 2007) and the Americas (Elwany et al., 1998; Kraus 
et al., 2002; Clarke et al., 2014). Despite this, ICOLLs are often referred to as being globally 
‘rare’ (Haines et al., 2006; Morris and Turner, 2010). The best attempt to estimate the global 
number of ICOLLs suggests they may comprise between 8 % (Dürr et al., 2011) and 13 % of 
the total global coastline length (Cromwell, 1971; Kjerfve, 1986; 1994). Such estimates, 
however, classify ICOLLs with lakes found near the sea and include lagoons that are both 
permanently separated from the ocean by a beach barrier (e.g. Barnes, 1980) or are 
permanently open, such as mesotidal lagoons on barrier island coasts (e.g. Florida, U.S.A. 
Kjerfve, 1986; Dürr et al., 2011). Estuaries with small catchments < 100 km
2
 are also often 
excluded from existing global catalogues (e.g. Dürr et al., 2011) while in fact national-scale 
studies indicate that these small estuaries actually dominate many shorelines (e.g. South 
Africa: Perissinotto et al., 2010; Australia: Maher et al., 2011). The question therefore arises 
as to exactly how common are ICOLLs globally. No known attempt exists to count the total 
number of individual ICOLLs worldwide nor determine the proportion of all estuaries which 
intermittently close to the ocean. As these systems are highly sensitive to climatic and 
environmental change (Kirk and Lauder, 2000; Kennish, 2002; Haines and Thom, 2007), 
knowledge of whether they are common or rare is critical in developing global-level 
geomorphic models of coastal change. 
 
The entrance dynamics of ICOLLs are related to wave energy (specifically the littoral drift 
rate), tidal range, tidal prism and river discharge (Bruun, 1986; Cooper, 1990; Ranasinghe and 
Pattiaratchi, 1999; Roy et al., 2001; Baldock et al. 2008; Hanes et al., 2011; Ranasinghe et al., 
2013). High open-ocean wave energy is responsible for transporting sediment onshore and 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
into the entrance channel (Haines et al., 2006; Wainwright and Baldock, 2010) and this is 
enhanced in areas of low tidal range when the tidal prisms tend to be smaller with lower tidal 
velocities (Bruun and Gerritsen, 1960; Jarrett, 1976; Bruun, 1978; Komar et al., 2000; Kraus 
et al., 2002). ICOLLs also tend to be found in areas with interannually variable river flow 
(Cooper, 2001; Haines et al., 2006). Periods of low fluvial discharge facilitate entrance 
closures as this allows open-ocean wave energy to dominate sediment transport without the 
counteracting effects of river flow (Boyd et al., 1992; Cooper, 2001; Stretch and Parkinson, 
2006). Despite these process drivers being well established, little is known of their exact 
thresholds and how they drive ICOLL distribution on a continental scale. 
 
This study therefore aims to: (i) map the total global distribution of ICOLLs; (ii) determine 
the proportion of estuaries worldwide which intermittently close to the ocean, as well as along 
macro, meso and microtidal coastlines, and (iii) quantify the precise drivers of estuarine 
distribution over a continental scale in Australia. Australia is used as a study site as there is a 
wide diversity of estuary types and climatic, marine and fluvial boundary conditions (Roy, 
1984; Woodroffe et al., 1989; Hemer and Griffin, 2010). Quantifying the precise thresholds of 
ICOLL formation will allow predictions of estuary response to climate change and human 
impacts to be made and to ultimately assist with integrated coastal management into the 
future.  
 
2.0 Regional Setting  
 
The northern half of Australia tide-dominated with a spring tidal range up to 11 m and low to 
moderate, short-period waves with an offshore significant wave height (Hs) of 0.10 - 1 m (T = 
3 - 5 seconds) (Short, 2006). Estuaries in this region are generally permanently open (Roy, 
1984; Woodroffe et al., 1989; Roy et al., 2001). In contrast, the southern half of Australia is 
wave-dominated and microtidal. The southern coastline is exposed to persistent Southern 
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Ocean swells with a mean Hs of 2 - 3 m (T = 13 seconds) (Hughes and Heap, 2010). Winter 
storms propagating from the Southern Ocean frequently influence the coast (Bird, 1993). 
 
The climate of the Australian coast ranges from temperate in the southern half, to tropical and 
sub-tropical in the northern regions (Finlayson and McMahon 1988; McMahon and 
Finlayson, 2003; Risbey et al., 2009; Kennard et al., 2010b). There is high seasonal and 
interannual variability in both rainfall and river flow (Puckridge et al., 1998; Peel et al., 
2007). In the tropics, rivers experience peak flows during the summer wet season (October to 
April) while in the southern half of Australia, peak flows occur during winter and spring 
(May to October) (Haines et al., 1988; Kennard et al., 2010b). The northern parts of Australia 
are influenced by seasonal trade winds and monsoon events while the southern coastline is 
influenced by strong westerly winds and low-pressure storm systems occurring predominately 
during winter (McMahon and Finlayson, 2003; Close, 2008). 
 
3.0 Methods  
 
The global distribution of ICOLLs was mapped through online virtual globes, namely Google 
Earth (after Yu and Gong, 2012; Tooth, 2012) and supplemented with literature mining of 
entrance condition. The coastlines of the world were inspected and every estuary was viewed 
using historic aerial imagery. If an estuary was observed to be both open and closed in the 
historical aerial photograph record it was classified as an ICOLL (Fig. 1). All estuaries 
investigated had at least two historical photo periods, with approximately 50 % of sites having 
more than six images. The photo record typically covered the past 10-15 years. Estuaries were 
included in the analysis regardless of size and were defined as: “the seaward portion of a 
drowned valley system which receives sediment from both fluvial and marine sources and 
which contains facies influenced by tide, wave and fluvial processes” (Dalrymple et al., 1992 
pp. 1132). Salinity and circulation based classifications of estuaries (e.g. Pritchard, 1967 pp. 
3) were not considered as these could not be assessed from aerial imagery. Estuaries were 
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included only if they were present at the outflow of a named river, or a clear natural 
waterway. Urban flow outlets (e.g. man-made drainage canals) were excluded as their 
catchments have been extensively modified. The total number of ICOLLs counted on virtual 
globes was then compared to: (1) climate type using the Köppen-Geiger classification (data 
from Kottek et al., 2006; Peel et al., 2007); (2) the mean spring tidal range (from Davies, 
1964; Davis and Hayes, 1984); and (3) the wave climate (from Davies, 1980; Alves, 2006).  
 
The total number of ICOLLs observed on Google Earth was also used to compare to the total 
number of estuaries present globally in order to estimate what proportion of estuaries are 
ICOLLs. In order to estimate the total number of rivers that flow to the ocean (i.e. estuaries) a 
hydrologically forced global 90 m DEM (Lehner et al., 2008) was used to develop a flow 
accumulation model scripted in PYTHON. The DEM had a 91 % coverage of the earth’s 
surface (missing top of Russia and Alaska from 60° ). In order to capture all small ICOLLs, 
any flow accumulation greater than or equal to 10 km
2
 was recognized as a ‘river.’ A mask 
was built to represent the edge of the land surface. Each ‘river’ that intersected the mask was 
counted as a river or stream which reached the ocean. The final number of rivers which 
reached the ocean were exported as a shapefile for further analysis. The total number of 
estuaries output from the DEM analysis was then separated by tidal range using the global 
tidal range classification of Davies (1964) and Davis and Hayes (1984). The observed number 
of ICOLLs was calculated as a percentage of all estuaries globally and those on micro-, meso- 
and macrotidal coastlines. 
 
Australia was then used as a case study to further examine the drivers of estuary entrance 
condition. For estuaries in Australia, Google Earth data was ground-truthed using the 
National Land and Water Resources Audit (NLWRA) (2002) dataset which quantifies estuary 
entrance type and surface water and catchment areas. The 100-year mean Hs was derived 
from the GEOSAT satellite radar altimeter (CAMRIS - CSIRO Australia, 2015) and mean 
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spring tidal range was taken from the Australian National Tide Tables (CSIRO, 2015). Hs was 
converted to breaking wave height (Hb) through: 
 
𝐻𝑏 = 𝑘 𝑔 
1
5(𝑇 𝐻∞
2 ) 2/5                                  (1) 
 
whereby k = 0.39 is an empirical coefficient (after Komar and Gaughen, 1972), g = gravity 
(9.81 m/s
2
), T = wave period, and H∞ = deep water Hs. (Komar and Inman, 1970; Komar and 
Gaughen, 1972; USAC, 1986). Wave period was taken from NLWRA (2002) and Heap 
(2001) who calculated T at the estuary mouth using regional atmospheric and wave models 
gridded at 0.10° (~11 km) resolution extrapolated to each estuary mouth.  
 
For each estuary, the tidal prism was calculated by using the estuary surface water area 
measured from the NLWRA (2002) dataset and the mean spring tidal range from the Bureau 
of Meteorology (BOM) (2016). The tidal prism is the volume of water in an estuary between 
mean high tide and mean low tide (Barber, 2003). In areas of high fluvial inflow, the 
calculated tidal prism therefore represents a minimum possible value for river influenced 
systems as for the scale of the Australian continent, complied discharge measurements were 
not available to add to the ebb-tidal prism (Ranasinghe et al., 2013; Duong et al., 2016). 
Additionally, as the only available discharge data for macrotidal estuaries were taken from 
non-tidally influenced gauges located above the head of the estuary, the discharge upstream 
would likely be higher than that which is actually influencing the ebb-tidal prism and 
therefore not representative (i.e. this may in some cases overestimate the effect of river flow 
on tidal prism) (Dronkers, 1986). The relative tidal range (RTR) was calculated using the 
mean spring tidal range (MSR) and the breaking wave height (Hb) (after Masselink and Short, 
1993) where RTR = MSR/Hb. The dimensionless relative tidal strength (RT/W) (Equation 2) 
(as proposed by Vu et al., 2014 and applied by Seelam et al., 2014; Vikas et al., 2015) was 
calculated for all sites to further quantify the relative balance of tide and wave dominance. 
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RT/W accounts for the potential peak tidal discharge (?̂?), bay area of the estuary (Ab) 
(Equation 3) and sediment transport due to wave breaking (where (g) is acceleration due to 
gravity (9.81 m/s
2
) and Hs is the significant wave height (in m)) (Equation 4). 
 
𝑅𝑇/𝑊 = ?̂?/ √𝑔𝐻𝑠
−5                                 (2) 
 
Firstly, (?̂?) is calculated whereby wtide is the tidal angular frequency, ao is the open ocean 
spring tidal range (m) and Ab is the inlet surface water area (km
2
) (from NLWRA, 2002). 
 
?̂? = (𝑤𝑡𝑖𝑑𝑒 𝑎𝑜 𝐴𝑏)                                  (3) 
 
Wave-driven deposition relative to the ability of tides to remove sediment is then calculated 
by accounting for the longshore sediment transport rate (as per the CERC formula (US Army 
Corp. of Engineers, 1984; Nielsen, 2009, pp. 271)) being proportional to: 
 
√𝑔  𝐻𝑠
−5                                   (4) 
 
whereby g = gravity as a constant (9.8 m/s
2
), Hs = mean significant wave height (in m).  
 
The variables RTR, RT/W, tidal prism and catchment area were then statistically tested as 
drivers of estuary type (i.e. permanently open (macrotidal, wave-dominated barrier and 
drowned river valley types) or intermittently open) (classified for Australian estuaries after 
Roy, 1984). Non-parametric testing was used to standardize relationships as when tested for 
normality, these variables did not show a normal distribution across the scale of the 
Australian continent. Kendall’s Tau was used as calculations are based on concordant and 
discordant pairs meaning they are insensitive to error compared to Spearman’s rho correlation 
(Lapata, 2006).  
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To examine the role of fluvial discharge as a driver of entrance condition, a sub-sample of 50 
Australian estuaries from the NLWRA (2002) dataset were used. These estuaries were 
selected to represent the widest diversity in estuary forms, with 25 permanently and 25 
intermittently open systems, encompassing a range of coastal (mean spring tidal range 0.50 - 
6 m) and fluvial settings. For each site, the mean annual discharge, coefficient of variation in 
mean annual discharge (CV) and the specific discharge (mean annual discharge divided by 
the catchment area: Kennard et al., 2010a) were used to quantify fluvial flow variability and 
discharge. CV provides a scale-independent, statistical measure of the variability in river 
discharge in addition to analyzing the mean annual discharge alone (Jowett and Duncan, 
1990; Sliva and Williams, 2001; McMahon and Finlayson, 2003; Milliman et al., 2008). 
River flow records were taken from State Government online data (e.g. DELWP, Victoria) at 
sites with > 20 years of flow gauging records. In macrotidal estuaries, data was obtained from 
the most downstream gauge without tidal influence. 
 
4.0 Results 
 
4.1 Global distribution of ICOLLs 
 
There are 1477 ICOLL-type estuaries worldwide being found on every continent aside from 
Antarctica (Table 1). When compared to the estimated number of estuaries worldwide, being 
53,618 in total (91 % of global coverage), ICOLLs therefore constitute 2.75 % of all estuaries 
globally (Table 2). Specifically along microtidal coastlines, 15.30 % of all estuaries are 
ICOLLs meaning they are a more common estuarine type in microtidal settings (Table 2). 
ICOLLs are not found within 6° of the equator and are concentrated within the mid-latitudes 
between 6.22° to 46.26° N and 7.46° to 54.38° S (Fig. 2a; Table 1). 56 % of all ICOLLs are 
found in the Southern Hemisphere (Table 1). Within the mid-latitudes, ICOLLs are most 
common by nation in Australia, South Africa, Mexico, the U.S.A (mainly in California), 
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Argentina, New Zealand, Chile, Brazil, Russia, Uruguay, Morocco, Madagascar, Spain, 
Portugal, Sri Lanka and Vietnam (Fig. 2a - g). Australia and South Africa contain 37 % of the 
global total ICOLLs (Table 1) with the majority being small systems < 2 km in length and < 
100 km
2 
in catchment area. ICOLLs are less common on tropical islands (< 1.70 % global 
total) occurring in Hawaii, New Caledonia, Vanuatu and Fiji. The method used to count 
ICOLLs is acknowledged to represent a minimum estimate of their global occurrence due to: 
a. lack of good quality, frequent satellite images globally; 
b. estuaries could be kept open artificially - this cannot be distinguished by imagery alone; 
and  
c. estuaries could have closed and opened between the historical photographs available on 
Google Earth.   
 
Although ICOLLs are predominantly located along microtidal, swell wave-dominated 
coastlines, 13 % of all global ICOLLs are located in low mesotidal regions (n = 192), namely 
in northern Spain, California, southeast Argentina and sections of the eastern coast of 
Australia in Queensland (Table 2; Fig. 3a - b). They are also located on the boundaries of 
the tropical cyclone belt, for example southeast Asia, Madagascar and California, but are 
uncommon in areas of monsoonal influence (Fig. 3b). Throughout Russia, Argentina, Chile 
and Madagascar, ICOLLs are found only on the east facing coasts (Fig. 2a). In Spain, South 
Africa, New Zealand and Australia, ICOLLs are present on the southern, southwestern and 
eastern shorelines. In North America, ICOLLs are only present along the western coast. 
ICOLLs are predominately located in regions where there is a warm-temperate climate (84 % 
of all ICOLLs) being less common in equatorial climates (10 %) and semi-arid and arid areas 
(6 %) (Fig. 4). 
 
4.2 Australian Distribution 
 
In Australia, there are 305 ICOLLs which represents 21 % of the global total number of 
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these estuaries. ICOLLs only occur south of the Tropic of Capricorn (Table 1, Fig. 5) with 
the majority being found in New South Wales (NSW) (101 total, 33 %) and Victoria (103 
total, 34 %) (Table 3). The majority of ICOLLs in Australia occur where the mean 
spring tidal range is 0.50 - 1.50 m (mean of 1 m) (Fig. 5a; Table 4) and where the 100-
year mean Hs is > 1.25 m (mean of 2.13 m) (Table 3).  
 
Using a subset of 790 Australian estuaries (both ICOLL and permanently open), (from 
NLWRA, 2002) the RTR, tidal prism, catchment area and RT/W were analysed (Tables 4, 5; 
Fig. 6a - c). The mean RTR for coasts where ICOLLS are located is 1.71 and when RTR 
increases to > 3.21 estuaries become permanently open. Coastlines with the lowest average 
RTR values (Victoria and NSW) have the highest proportion of ICOLLs (Tables 2, 5). 
Tasmania also has a mean RTR < 3, however the rocky, high relief coast appears to favour 
permanently open drowned river valley estuaries resulting from the underlying valley 
topography. Australian ICOLLs typically have RT/W values < 31 which is higher than the 
previous threshold for ICOLLs of < 20 proposed by Vu et al. (2014) (Tables 4, 5), however 
the mean RT/W for ICOLLs in Australia (13.20) falls within the suggested range of estuaries 
which close to the ocean (Vu et al., 2014). As expected, RT/W is higher in macrotidal 
systems (mean of 601) and also those with larger tidal prisms (barrier and drowned river-
valley types). ICOLLs in Australia also have smaller catchment areas (mean of 632 km
2
) 
and tidal prisms (mean of 5.84 x 10
6
 m
3
) than other estuarine types (Fig. 6a - c; Tables 4, 
5). Of all the variables tested for predicting ICOLL occurrence, the RTR was found to be 
the most significant (p = 0.680, γ = 0.01 level) with RT/W (p = 0.594, γ = 0.01 level) and 
tidal prism (p = 0.281, γ = 0.01 level) also being significant predictors of whether an 
estuary will close to the ocean (Table 6).  
 
To consider the influence of fluvial discharge on entrance condition, the mean annual 
discharge, the CV of mean annual discharge, and specific discharge were derived from a 
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sub-sample of 50 estuaries with long-term (> 20 years) flow data (Fig. 7a - f). Permanently 
open macrotidal estuaries generally have mean annual discharges an order of magnitude 
higher than ICOLLs (mean of 226 m
3
/s in macrotidal estuaries and 1.84 m
3
/s in ICOLLs) 
(Fig. 7a, b). The CV of mean annual discharge for macrotidal estuaries ranged between 
0.36 - 1.20 (mean 0.70) (Fig. 7c - d). ICOLLs also were present on rivers with a slightly 
wider range of CV of mean annual discharge values (0.20 - 1.50, mean of 0.69) but with 
consistently lower mean annual discharges (Fig. 7a - d). In permanently open, wave-
dominated estuaries (e.g. Barwon and Tarwin Rivers in Victoria), wave height and tidal 
range values are similar to those found in ICOLLs but the CV of mean annual discharge 
ranged between 0.27 - 0.80, with a lower mean of 0.55 (Fig. 7c - d). When scaling mean 
annual discharge through catchment area to calculate the specific discharge (Wolman et 
al., 1964; Geyl, 1968), despite having smaller catchments, ICOLLs had the lowest values 
overall ranging between 0.001 - 0.0457 m
3
 s
-1
 / km
2
 (mean of 0.0139 m
3
 s
-1
 / km
2
) whereas 
macrotidal estuaries had higher values ranging between 0.002 - 0.1589 m
3
 s
-1
 / km
2
 (mean 
of 0.0370 m
3
 s
-1
 / km
2
) (Fig. 7e - f). Permanently open wave-dominated systems had 
specific discharge values ranging between 0.002 - 0.1324 m
3
 s
-1
 / km
2
 (mean of 0.0294 m
3
 
s
-1
 / km
2
). 
 
5.0 Discussion 
 
This study presents the first known attempt to count and map the total number and 
distribution of ICOLLs worldwide. Globally, ICOLLs were found to be a common form of 
estuary along wave-dominated microtidal and low mesotidal coastlines with 1477 individual 
systems being catalogued globally (Fig. 2; Table 1). This number challenges the conception 
that estuaries which periodically close to the ocean are rare and unusual systems. In fact in 
some regions and specifically along microtidal coastlines ICOLLs may be the dominant 
estuarine form. 
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A low tidal range is important in entrance dynamics as it facilitates sediment stabilisation 
within the entrance channel due to lower tidal current velocities and generally smaller ebb 
tidal prisms (Bruun and Gerritsen, 1960; Jarrett, 1976; Bruun, 1978; Komar et al., 2000; 
Kraus et al., 2002). For this reason, ICOLLs are more common on microtidal (15.30 % of all 
microtidal estuaries) compared to mesotidal coastlines (0.50 % of all mesotidal estuaries), and 
are absent from macrotidal coasts (Table 2). A microtidal range is not however the sole 
determinate on ICOLL distribution, as commonly recognised. For example ICOLLs are also 
found in low mesotidal areas such as southwest Madagascar, southwest Russia and northern 
California (USA) as well as in the high mesotidal southeast coast of Argentina (Tierra del 
Fuego - 54.38°S) (Fig. 3e). ICOLL presence in these locations is attributed to their location 
on semi-arid rivers with extremely high flow variability, such as northern California, or a 
consistently low mean annual flow (Woodhouse and Overpeck, 1998). During periods of low 
fluvial energy reaching the mouths of these estuaries, the potential ebb-tidal velocity is 
decreased which may normally prevent sediment accumulation at the mouth (Chant, 2002). In 
addition, such as in Tierra del Fuego, periodic high-energy wave conditions can also drive 
onshore sediment transport despite the higher tidal range of the coast (Krogstad and Barstow, 
1999; Bujalesky, 2007).  
 
The majority of ICOLLs are located along mid-latitude wave-dominated coasts (Fig. 3b). 
Wave dominance is therefore essential for an estuary to close as this facilitates the formation 
of a subaerial berm which separates estuaries from the ocean (Haines et al., 2007; Baldock et 
al., 2008). Berm height is proportional to both offshore and breaker wave height (Takeda and 
Sunamura, 1982; Jensen et al., 2009) and berm building occurs at the landward extent of 
wave runup (Komar, 1998; Weir et al., 2006). The location of ICOLLs worldwide also 
suggests that the consistency of wave energy is an important element in entrance closure. For 
example 44 % of the global total of ICOLLs are found in between 30 - 60°S latitude the 
Southern Hemisphere in a band of intense westerly winds where there is heightened wave 
energy all year round (Young, 1999; Chen et al., 2002; Hughes and Heap, 2010; Arinaga and 
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Cheung, 2012). For example in South Africa, ICOLLs are the dominant estuarine form but 
their presence markedly decreases in Africa as wave power decreases above 25º S (Krogstad 
and Barstow, 1999; Cornett, 2008).  
 
ICOLLs tend to also be limited on tropical islands of the Pacific (Table 1). On these islands 
such estuaries tend to be sheltered from direct wave energy by fringing reefs and mangroves. 
Therefore, while having a low absolute tidal range, their relative tidal range is higher due to 
wave dissipation on offshore reefs. This leads to small estuaries which are macrotidal in form. 
 
Using Australia as a case study, the mean spring tidal range, significant wave height, RTR 
and RT/W were examined in more detail as drivers of ICOLL distribution in addition to 
catchment scale parameters such as the tidal prism, catchment size and measures of fluvial 
discharge (Tables 4, 5; Figs. 5a – b, 6a - c). In Australia, most ICOLLs are present in areas 
where the 100-year mean Hs is > 1.50 m and spring tidal range is < 2 m (Table 4; Fig. 5a - 
b). The upper extent of ICOLL distribution in Australia coincides directly with a decrease in 
wave energy (Hs of < 1.25 m) and at the boundary between microtidal and mesotidal coasts 
in southern Queensland (Fig. 6a). Further north, estuaries gradually transition to macrotidal 
as the tidal range increases and entrances become permanently open (Woodroffe, 1989; Roy 
et al., 2001; Harris et al., 2002; Ryan et al., 2003). RTR and RT/W were calculated for 790 
Australian estuaries from NLWRA (2002) to further quantify the relative balance of wave 
vs. tidal dominance. RTR has been widely used as a predictor of wave (< 3) or tidal-
dominance (> 3) in beach types (Harris et al., 2002) and also in estuarine beaches (Short, 
2006). RTR values for ICOLLs in Australia range between 0.33 - 3.21 indicating strong 
wave-dominance (Tables 4, 5). RTR was found to be the most significant predictor of 
whether an estuary entrance will close to the ocean or not in Australia (p = 0.680, γ = 0.01 
level) (Table 6). This further illustrates the role of high energy waves relative to a low tidal 
range in driving ICOLLS presence along coastlines. In Australia, ICOLLs were found when 
RT/W was < 31 (Tables 4, 7). This is a slightly higher threshold than that previously 
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determined by Seelam et al. (2014) and Vu et al. (2014) of < 20 for estuaries which close to 
the ocean. RT/W also proved to a significant predictor of whether an estuary will close to the 
ocean (p = 0.594, γ = 0.01 level) (Table 6). This is reflective of the incorporation of the 
influence of wave breaking and potential peak tidal discharge whereby a lower tidal velocity 
and higher Hb facilitates landward transport of both the bed and suspended sediment load 
along with increased rates of littoral drift (Bruun; 1978; Gao and Collins, 1994). As ICOLLs 
are predominately located along wave-dominated coastlines, the corresponding high onshore 
sediment transport would exceed the capacity of tidal currents to continually remove 
sediment from the entrance channel thus translating to a more unstable entrance (O'Brien, 
1931; Davis and Hayes, 1984; Bruun, 1986). 
 
In terms of the catchment-scale controls on distribution, ICOLLs in Australia showed 
consistently smaller tidal prisms compared to both macrotidal estuaries and permanently 
open wave-dominated systems (Tables 4, 5). In ustralia, ICOLLs had tidal prisms < 30 x 
10
6
 m
3
 with a mean of 5.84 x 10
6
 m
3
 compared to permanently open wave-dominated 
estuaries (mean of 15 - 40 x 10
6
 m
3
) and macrotidal systems (mean of 98.28 x 10
6
 m
3
). The 
smaller tidal prism would further work to facilitate entrance closures as there is a lower 
volume of tidal exchange and lower ebb-tidal velocities resulting in reduced erosion of 
channel sediments (Bruun and Gerritsen, 1960; Bruun, 1978; Hume and Herdendorf, 1988). 
It is recognized that if considering the role of fluvial discharge in influencing the ebb-tidal 
prism, discharge measurements taken from upstream of the estuary head, as is often the 
location of gauges on macrotidal estuarine rivers, may overestimate the effect of river flow 
on the tidal prism due to a lower conveyance of discharge upon entering the tidally 
influenced and often shallow estuarine basin (Dronker, 1986; Sassi and Hoitink, 2013; 
Bruder et al., 2014).  
 
ICOLLs also had smaller catchments (mean of 632 km
2
) compared to permanently open 
wave-dominated (mean of 2940 km
2 
for drowned river valleys and mean of 3981 km
2
 for 
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barrier estuaries) and macrotidal estuaries (mean of 4201 km
2
) in Australia (Table 4). This is 
consistent with previous descriptions by West et al. (1985) and Cooper (2001). Smaller 
catchments deliver less inflow and therefore less counteracting fluvial energy to maintain an 
open entrance in relation to the amount of sediment delivered onshore from waves. This is 
expressed in the lower mean annual and specific discharges of ICOLLs (Fig. 7a - f), thus 
confirming that the fluvial component is unlikely to provide sufficient year round flow to 
maintain an open entrance (Cooper, 1994).  
 
The majority of literature suggests that intra- or interannual variability in fluvial discharge is a 
main driver of entrance closure in estuaries (e.g. Cooper, 2001; Haines et al., 2006; Rustomji, 
2008; Morris and Turner, 2010). For example, Australia and South Africa are both 
characterised by extreme interannual runoff variability and have the highest proportions of 
ICOLLs per nation (Table 1) (Haines et al., 1988; Puckridge et al., 1988: Peel et al., 2001). 
The location of ICOLLs on predominantly temperate regions in the mid-latitudes further 
indicates that seasonal and interannual variability in river flows is most likely in these regions 
(Finlayson and McMahon, 1988; McMahon et al., 2007). While this may be true 
internationally, the results of this study indicate that a low mean annual or specific discharge 
are more strongly linked to an intermittently open entrance in our sample of Australian 
estuaries. On average, permanently open estuaries in Australia have higher mean annual 
discharges than ICOLLs, even when scaled by catchment area (Fig. 7a - f). Comparison of the 
CV of mean annual discharge values across a range of Australian rivers however suggests that 
the CV of mean annual discharge is not a strong predictor of whether estuary mouths will 
close, or that the temporal variability in river discharge regimes is not as stronger control on 
entrance condition as previously thought.  ICOLLs are present on rivers with a wide range of 
CV values, meaning they form at the mouths of rivers which have both high and low 
variability in discharge relative to the mean annual flow, not purely on those with high 
variability as previously described (Fig. 7b). In comparison, permanently open wave-
dominated estuaries also have a variable range of CV values but with a higher minimum 
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threshold (Fig. 7b). The similarities in marine boundary conditions between many 
permanently open wave-dominated estuaries and ICOLLs in Australia suggests the larger 
mean annual discharges, catchments and tidal prisms of these systems are influential in 
increasing the ebb-tidal scour at the mouth and are crucial in maintaining an open entrance 
(Table 4). In fact, tidal prism and catchment area were positively correlated (p = 0.275, γ = 
0.01 level) (Table 6). Other likely factors include the influence of localised entrance 
morphology such as islands, headlands or reefs acting to reduce incoming wave energy at 
the entrance (e.g. Barwon River, Victoria, estuaries on tropical islands), being on the cusp of 
high meso-tidal conditions or exceptionally large catchments.  
 
6.0 Conclusion 
 
ICOLLs have previously been described as a ‘rare’ estuary type however this study shows 
that they are in fact a common form of estuary along wave-dominated, microtidal to low 
mesotidal coastlines with 1477 ICOLLs present worldwide. ICOLLs comprise approximately 
3 % of all global estuaries and 15 % of all estuaries along microtidal coastlines. It is 
recognised however that the numbers stated within this study should be considered as a lower 
threshold value for the global occurrence of ICOLLs as other estuaries may have closed and 
opened between the historical images available on Google Earth. ICOLLs are concentrated in 
the mid-latitudes in both hemispheres along coastlines with temperate climates. The mid-
latitude distribution is a result of the consistent high-energy swells along coastlines in these 
regions.  
 
In Australia, ICOLLs were found to be exclusively located along coastlines where the RTR 
was < 3.22. The majority of Australian ICOLLs are small systems with approximate 
catchment areas < 2000 km
2
, tidal prisms < 30 x 10
6
 m
3
, surface water areas < 1 km
2
 and 
lengths < 2 km. The influence of river hydrology proved to be a secondary control of the 
distribution of ICOLLS relative to the regional marine conditions. Surprisingly, from the 
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Australian sample, rivers that drain into ICOLLs do not have more variable interannual 
discharges than rivers that enter permanently open estuaries but do generally have lower mean 
annual and specific discharges. This suggests that the relative balance between wave and tidal 
energy is the key parameter driving which estuaries close to the ocean. Thus, three main 
boundary conditions appear to be strongly associated with the presence of ICOLLs in 
Australia:  
(1) a coastline which is strongly wave-dominated (Hs = > 1.25 m; RTR = < 3.22; RT/W < 25);  
(2) a microtidal or low mesotidal tidal range (tidal range = < 2 m); and 
(3) a temperate climate with low mean annual river discharge relative to catchment area or 
some degree of extreme seasonal or interannual variability with discharge remaining below 
the mean annual flow for an extended period of time (Fig. 7).   
Although these boundary conditions are identified for Australian ICOLLs, they provide an 
important basis for further work to refine or test these controls across different coastlines 
where ICOLLs are present internationally. 
 
The global number and distribution of ICOLLs in this study provides a benchmark for 
comparison to how this may change in the future. This is especially relevant when 
considering the predicted impacts of climate change, particularly a shift in latitudinal 
atmospheric circulation patterns along with an increase in drought frequency (Sheffield and 
Wood, 2008) and how this may impact on estuary entrances and their associated habitats. 
Additionally, any future change or intensification of  the El Niño–Southern Oscillation, which 
has been proven to be a critical driver of entrance functioning in ICOLLs due to its influence 
on sub-decadal cycles of variability in precipitation, river flow and wave climate (Clarke et 
al., 2017), may also influence the current global distribution of ICOLLs. Extended analysis of 
the impact of river hydrology would be beneficial to further test results across a wider range 
of sites and with the potential to incorporate other indicators of fluvial energy.  
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List of Figures: 
 
Figure 1 a - b: Examples of open and closed entrance conditions identified using Google 
Earth imagery. Example: Mdloti River estuary, South Africa. (a) Open; (b) Closed. 
 
Figure 2 a - g: (a) Global distribution of ICOLLs with key regions where ICOLLs are 
concentrated. Maps of key regions where ICOLLs are concentrated globally: (b) U.S.A and 
Mexico; (c) Spain, Europe and Northern Africa; (d) Asia and the North Pacific; (e) South 
America; (f) South Africa; (g) Australia and the South Pacific. 
 
Figure 3 a - b: (a) Global distribution of ICOLLs with comparison to global tidal range 
classification). Microtidal (< 2 m) is wave-dominated, mesotidal (2 – 4 m) is mixed energy 
and macrotidal (> 4 m) is tide-dominated after Davies (1964); Davis and Hayes (1984); (b) 
Global distribution of ICOLLs and wave climate classification after Davies (1980).  
 
Figure 4: Distribution of ICOLLs within different climate zones. Based on global climate 
classification using Köppen-Geiger climate classification (data from Peel et al., 2007). 
 
Figure 5 a - b: (a) Mean spring tidal range (m) and distribution of ICOLL type estuaries in 
Australia, (b) 100-year mean Hs (m) (data averaged over 100 years) and distribution of 
ICOLLs in Australia (data from CSIRO, 2015). 
 
Figure 6 a - c: Boundary condition of estuaries in Australia using NLWRA (2002) data. (a) 
spring tidal prism (minimum estimate) classification of tidal prism size as per Ranasinghe et 
al. (2013); (b) RT/W (c) Catchment area. ICOLLs located as per Figure 5.  
 
Figure 7 a - f: (a) Distribution of mean annual discharge per estuary type using a subsample 
of 50 Australian estuaries; (b) Relationship between log mean annual discharge and mean 
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spring tidal range. Tidal range is used to separate tide-dominated (> 4 m tidal range) from 
wave-dominated (< 2 m tidal range). ICOLLs have a tidal range generally < 2 m. (c) 
Distribution of CV of mean annual discharge; (d) CV of mean annual discharge and mean 
spring tidal range. (e) Distribution of specific discharge (q*) (i.e. discharge divided through 
catchment area); (f) Relationship between specific discharge and mean spring tidal range. 
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List of Tables: 
 
Table 1: Total number of ICOLLs per global region, the range in distribution and percentage 
by region of all global ICOLLs.  
 
Global Region 
Number of 
ICOLLs 
% Global 
ICOLLs 
Range in Latitude (°) Range in Longitude (°) 
Southern Hemisphere       
South Africa 237 16.07 26.52 to 28.38 16.27 to 32.92 
New Zealand 54 3.66 34.43 to 46.57 168.64 to 172.96 
Australia 305 20.68 26.52 to 43.54 114.99 to 153.09 
Pacific Islands 25 1.69 17.54 to 18.11 177.15 to 177.39  
South America 141 9.56 23.45 to 54.38 45.53 to 72.29 
Indonesia 5 0.34 7.46 to 8.48 108.65 to 120.33 
Madagascar 54 3.66 14.36 to 25.29 45.42 to 50.24 
Total 821 55.66     
Northern Hemisphere       
Sri Lanka and India 25 1.56 6.22 to 9.45 78.54 to 81.52 
Russia 39 2.64 55.16 to 46.26 136.58 to 143.84 
Asia 113 7.66 11.24 to 42.57 79.55 to 109.33 
Mexico 238 16.14 18.43 to 32.09 93.13 to 116.88 
Morocco and N. Africa 41 2.78 33.32 to 35.98 10.53 to 8.33 
Europe 119 8.07 36.03 to 43.27 1.31 to 8.82 
USA 81 5.49 33.09 to 41.83 117.31 to 124.22 
Total 656 44.34     
Global Total 1477 100.00     
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Table 2: Number of estuaries and ICOLLs present along microtidal (< 2 m), mesotidal (2 - 4 
m) and macrotidal (> 4 m) coasts (tidal range classification of Davies, 1964; Davis and 
Hayes, 1984) and percentage of all estuaries along each coastline type that are ICOLLs. Total 
number of estuaries output from global DEM analysis and number of ICOLLs from Google 
Earth. 
 
Coastline Type 
(by tidal range) 
Total Global Number 
of Estuaries 
Total Global 
Number of ICOLLs 
Percentage of Global Estuaries 
that are ICOLLs (%) 
Microtidal 8404 1285 15.30 
Mesotidal 35994 192 0.53 
Macrotidal 9220 0 0 
Total 53618 1477 2.75 
 
Table 3: Number and percentage of ICOLLs per state in Australia using Google Earth 
analysis. 
 
State Number of ICOLLs % Total ICOLLs 
NSW 101 33.11 
NT 0 0.00 
QLD 2 0.66 
SA 17 5.57 
TAS 43 14.10 
VIC 103 33.77 
WA 39 12.79 
Total 305 100 
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Table 4: Mean spring tidal range, spring tidal prism, catchment area, 100 year mean annual 
Hs, RT/W and RTR for estuary types in Australia. Data from NLWRA (2002); BOM (2015); 
CAMRIS (CSIRO) (2015). Wave-dominated estuaries are classified as per Roy (1984) 
whereby DRV is drowned-river valley and macrotidal estuaries are those with a tidal range > 
4 m.  
 
Estuary Type 
Wave-Dominated Estuaries 
Macrotidal 
Estuaries 
All Australian 
Estuaries ICOLLs Barrier DRV 
Mean Spring Tidal Range (m) 1.00 1.50 1.75 4.17 2.84 
Mean Spring Tidal Prism (x 106 m3) 5.84 15.71 40.65 98.28 48.13 
Mean Catchment Area (km2) 632.24 3981.10 2940.71 4201.19 3277.61 
Mean 100 year Hs (m) 2.13  1.50 1.50  0.50  0.75 
R T/W 13.21 71.21 163.98 601 230.11 
RTR 1.71 3.76 2.55 10.87 5.50 
 
Table 5: Percentage of estuary types per state in Australia and average boundary conditions: 
mean spring tidal range, 100-year mean Hs, RTR, tidal prism, catchment area, RT/W. Data 
from NLWRA (2002), wave-dominated estuary types after Roy (1984). DRV: drowned-river 
valley. 
 
State 
Percentage wave-dominated 
estuaries (%) 
Percentage 
macrotidal 
estuaries (%) 
Mean 
spring tidal 
range (m) 
Spring tidal 
prism 
(x 10
6
 m
3
) 
Catchment 
area (km
2
) 
RTR R T/W 
Barrier DRV ICOLL 
NSW 20.18 4.39 75 0 1.21 12.35 1698.03 2.09 66 
NT 2 0 0 98 3.12 57.55 2832.90 14 721 
QLD 58.70 0 1 40.30 2.91 20.55 3087.34 7.03 496 
SA 70 0 30 0 1.78 18.17 726.33 4.13 80 
TAS 70.87 12 15 2.13 1.69 13.21 968.04 2.98 82 
VIC 7.20 0 91 1.80 1.11 19.46 2148.37 1.57 21 
WA 7.77 0 22 69.90 5.06 159.03 6722.43 8.51 676 
All  
Aus. 
33.82 2.34 33 30.45 2.41 42.90 2597.63 5.50 306 
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Table 6: Non parametric tests for dependence between the variables tidal prism, catchment 
area, RTR, R T/W and as determinants of estuary type. Estuary type refers to: permanently 
open (macrotidal, wave-dominated barrier and drowned river valley categories) and 
ICOLLs.  
 
Non-Parametric Correlations  
Catchment 
Area 
RTR 
Tidal 
Prism 
RT/W 
Estuary 
Type 
Kendall's 
tau_b 
Catchment 
Area 
Correlation 
Coefficient 
1 -0.009 .275** .200** 0 
Sig. (2-tailed) 
 
0.741 0 0 0.995 
N 790 790 790 790 790 
RTR 
Correlation 
Coefficient 
-0.009 1 .247** .480** .680** 
Sig. (2-tailed) 0.741 
 
0 0 0 
N 790 790 790 790 790 
Tidal 
Prism 
Correlation 
Coefficient 
.275** .247** 1 .663** .281** 
Sig. (2-tailed) 0 0 
 
0 0 
N 790 790 790 790 790 
RT/W 
Correlation 
Coefficient 
.200** .480** .663** 1 .594** 
Sig. (2-tailed) 0 0 0 
 
0 
N 790 790 790 790 790 
Estuary 
Type 
Correlation 
Coefficient 
0 .680** .281** .594** 1 
Sig. (2-tailed) 0.995 0 0 0 
 
N 790 790 790 790 790 
 
Table 7: Boundary conditions and limits of ICOLLs distribution in Australia for: mean 
spring tidal range, 100-year mean Hs (data averaged over 100 years), RTR, catchment area 
and RT/W (Data from NLWRA, 2002; CSIRO, 2015). Values are specific to the Australian 
setting. 
 
Parameter 
 100-yr mean   
 Hs (m) 
 Mean spring  
 tidal range (m) 
RTR 
 Spring tidal   
  prism (x 10
6
 m
3
) 
  RT/W 
Catchment  
area (km
2
) 
ICOLLs not found above ----- 2.50 3.21 32.17 31.84   2496 
ICOLLs not found below 1.25 ----- 0.30 0.01 0.03 12 
Mean value in which 
Australian ICOLLs are 
found 
2.13 1 1.71 5.84 13.21 632.24 
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